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ABSTRACT
Phase reversals and phase plateaus have been found in studies that measure motion of the basilar
membrane (BM) at the base of the cochlea in response to high-level sounds above the
characteristic frequency (CF). In contrast, such patterns have not been found in responses of
auditory-nerve fibers (ANF) from the base of the cochlea, primarily because these ANFs do not
have synchronized responses to high-frequency tones. We sought counterparts to the BM
responses in auditory nerve fibers (ANF) by using a new method that extracts phase information
from beat-producing multi-tone stimuli. The method can determine the relative phases of ANF
responses to high-frequency tones by measuring the phases of low-frequency beats and from
these beats, reconstructing the relative phases of the original tone response. We also used
amplitude modulated (AM) tones at high sound levels. The data collected suggest that the new
beat-producing phase-analysis method is effective at tip and tail regions of the ANF tuning
curves. However, this method has low success in measurements at frequencies above CF due to
low signal-to-noise ratios and large distortion products in the ANF responses. AM tones,
however, were more successful and showed significant evidence of a phase plateau at high levels
and at frequencies well above the fiber's CF. Thus this plateau response appears to be present in
ANF firings as well as BM motion. ANF responses to multi-tone stimuli presented above CF
and at moderate level resulted in an anomalous negative group delay. Presuming that the multi-
tone method yields a valid picture of the original high frequency phase responses we speculate
that the anomaly is produced by complex interactions among two or more response components
at the above-CF region of the ANF tuning curve.
Thesis Supervisor: John J. Guinan, Jr.
Title: Associate Professor of Otology and Laryngology, Harvard Medical School
Affiliated Faculty in Health Science and Technology, MIT
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I. Background and Significance
A. Introduction
The sound processing in the mammalian auditory system goes through many steps in the
periphery (Figure 1) before being interpreted in the brain. In the presence of a sound source, the
propagating sound waves are collected by the outer ear and travel into the ear canal, where they
vibrate the eardrum. The sound pressure at the eardrum is conducted by the middle ear ossicles
to a fluid-filled hearing organ, known as the cochlea. Motion of the last ossicle, called the
stapes, produces a pressure wave (called the "fast wave") that spreads throughout the fluid of the
cochlea at the speed of sound. The fast wave also initiates a slower wave (called the "traveling
wave") due to the pressure difference across the basilar membrane (BM). The traveling wave
propagates from the cochlear base to the cochlear apex and has a tuned response such that high-
frequency sound produces the largest BM motion in the cochlear base and low-frequency sound
produces the largest BM motion in the cochlear apex. Once the traveling wave reaches its
maximum amplitude at the characteristic place, it abruptly collapses afterward at a position
known as the cutoff region. In the classical view, BM motion from the traveling wave produces
in-phase motion of the other structures of the organ of Corti and leads to bending of inner-hair-
cell stereocilia which leads to excitation of auditory-nerve fibers (ANFs).
Although it is usually assumed that ANF firings are a direct consequence of BM motion,
there are aspects of BM motion that have no known counterpart in ANF responses. An example
of this occurs at high sound levels and above the characteristic frequency (CF) for ANFs from
the cochlear base. In this case, one reason for not finding similar ANF responses is the inability
to measure response phases for high-frequency stimuli. However, a new technique for
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measuring response phases for high-frequency stimuli make it possible to determine if
phenomena seen BM motion are also seen in ANF firings.
C
Base Apex
D
Figure 1: Diagram of the peripheral auditory system. A) Outer ear or pinna. B) Outer ear canal.
C) Ossicles (stapes is the trapezoid). D) Fluid-filled cochlea with a traveling wave along the
basilar membrane (BM).
In response to high-level and high-frequency tones, BM motion at the cochlear base was
reported by Rhode and Recio (2000) to have response dips and phase reversals, but the authors
attributed them to artifacts from opening the cochlea, by analogy with experiments done by
Cooper and Rhode (1996) in the cochlear apex. There are important differences between an
intact cochlea and one with a hole that is required for BM measurements. When the stapes
drives the cochlea, a fast pressure wave is generated and travels along the length of the cochlea.
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If a hole is made in the apex, the pressure wave produces artificial pressure differences across the
BM in the apex, which creates a new artificial BM motion in the apex. This motion interacts
with the normal traveling wave, creating dips and phase reversals in the BM response as
described by Cooper and Rhode. Rhode and Recio (2000) hypothesized that the dips and phase
reversals found in the base of the cochlea are created by the same artifact-generating mechanism
outlined by Cooper and Rhode for the apex. A reason for doubting this hypothesis is that unlike
the cochlear apex, the hole made in the base is already next to a natural hole, the "round
window."
Using high-level and high-frequency sounds similar to those by Rhode and Recio,
Guinan and Cooper (2003) also reported response dips and phase reversals in BM motion from
the cochlear base, but Guinan and Cooper attributed these phenomena to a different hypothesis.
They hypothesized that the findings are not due to artifacts, but rather are due to interference
between two modes of motion in the organ of Corti. The two modes were presumed to have
different growth rates and phases, and to interfere at high sound levels when their amplitudes are
nearly equal and their phases are opposite.
By measuring ANF responses to stimuli similar to those of Rhode and Recio, as well as
Guinan and Cooper, we have attempted to test which hypothesis is correct. If the Guinan and
Cooper "two-component" hypothesis is correct, we would expect to find dips and phase reversals
in ANF firings. On the other hand, if the Rhode and Recio "hole-generating-artifact" hypothesis
is correct, we would not find dips and phase reversals in the intact cochlea.
We also gathered data for a second response phenomenon found in BM measurements
but not in ANF firings. For high-level tones above CF, BM measurements in the cochlear base
show a phase function that monotonically decreases near CF and then plateaus at higher
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frequencies (Ruggero, 1997; Robles and Ruggero, 2001; Ruggero et al, 2000; see figure 2).
According to transmission line theory, this phase plateau occurs when the sinusoidal traveling
wave changes into an exponentially decaying evanescent wave at a point of total internal
reflection (Watts 2000). Despite being seen in BM motion recordings, this phase plateau has
never been seen in ANF recordings. Determining the existence of a phase plateau will show if
the vibrational mode of the evanescent wave is capable of driving inner-hair-cell stereocilia and
ANFs. It will also help in interpreting the origin of the dips and phase reversals seen in BM
motion.
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Figure 2: An example of a phase plateau found in basilar membrane (BM) response to pure tones
(Figure 13 from Ruggero et al, 1997). A small bead was set on a location of BM that has a
characteristic frequency of 10 kHz, and motion of the bead was measured with laser
interferometry. The phase of the BM response was measured as a function of tone frequency. A
negative phase indicates a phase lag with respect to the stimulus tone. The graph shows that the
phase lag monotonically increases with increasing stimulus frequency until 13 kHz. This
characteristic is true for sound levels between 10-100 dB SPL. Above 13 kHz, the phase lag for
sound levels above 80 dB remained roughly constant.
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Whether looking for phase reversals or phase plateaus, the ability to extract phase
information from the responses of high-CF fibers corresponding to basal turn BM measurements
is hampered by the lack of ANF response synchronization to tones at high frequencies.
However, using a new method of beat frequencies (van der Heijden and Joris, 2003), it is
possible to measure the relative response phases from high-CF fibers to determine the presence
of phase reversals and phase plateaus. We will use this method to answer the questions stated
above.
B. Multi-tone phase analysis
The limitation in most ANF studies is that ANFs cannot follow the fine structure of high-
frequency stimuli. ANFs' synchrony below 1 kHz is good, but starts to decline above 1 kHz and
is gone by 4-5 kHz. This phase-locking limitation hinders the ability to extract accurate phase
information from ANF units at high frequencies. To overcome ANF temporal limitation, van der
Heijden and Joris (2003) devised a new method that used a complex comprised of multiple tones
to produce beatings. The beatings occur from interactions among each pair of tones, acting on
the nonlinearities inherent in the cochlea. The beats were low in frequency and thus able to be
encoded by the nerve, even if the individual tones exceed the phase-locking limit (of 4-5 kHz).
For example, two tones at frequencies fI and f2 produce an envelope with beat frequency, f2 -
f 1. A mathematical equation for the real part of the two tones is,
z(t) = Re[Aiexp{i(wit + 01)} + A 2exp{i(w2t + 0 2 )}], (1)
8
where z(t) is the sum of the complex tone's waveform, A's are the amplitude, w's are the angular
frequencies, and #' s are the phases. The general waveform can be applied for N number of
tones, as shown below,
z(t)= Re A exp[i(wt+ )]}. (2)
A simple mathematical equation for the interactions between the tones is the square envelope of
z(t),
zl2 = LZA +1 2A. Ak cos{(wk - w)t + -#. (3)1 m=1 k=m+l
The last term indicates that each possible pair of tones interacts to form a beat frequency of Wk -
wm. Furthermore, the magnitude and phase of the "primary" tone complex (e.g., Wk and #k) are
related to the envelope (i.e., beating) magnitude and phase. The result can be summarized as
follows,
Akn =2AkAm, (4)
AM = A- .(mod 27r) . (5)
The beatings' magnitude (Akm) and phase (#km) are at the left-hand sides of equations 4 and 5.
These are the values extracted from the responses of ANF units to multiple tones. Equations 4
and 5 are then used to reconstruct the relative phases and magnitude of the responses to the
primary components (at the right-hand side of the equations). Because there are more beats than
there are primaries (see the example below), equations 4 and 5 will yield an overdetermined set
of equations. It can be solved numerically by the least-square method to determine the best
estimates of the original values for the primaries. Van der Heijden and Joris (2003) showed that
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this method, when applied to low-CF fibers, produces results consistent with direct
measurements of response phase.
As an example, a 4-tone complex is presented at frequencies above the ANF's CF. The
primaries' frequencies are at CF+200, CF+320, CF+460, and CF+680. Hence, there are six first-
order beat frequencies, 120 Hz, 140 Hz, 220 Hz, 260 Hz, 360 Hz, and 480 Hz. All of these beat
frequencies are below the ANF phase-locking limit and will be encoded in the ANF response.
By taking the FFT of the response, the amplitude and phases of each of the six components can
be obtained. These response components are then used to reconstruct the relative phases and
amplitudes of the ANF response to the original four primaries. The method does not yield the
absolute phase, but the absolute phase is not needed for the questions posed.
C. AM tones phase analysis
Despite the noticeable advantages of the van der Heijden and Joris' multi-tone analysis
method, there are limitations when applied to certain situations. At very high sound levels, the
multi-tone stimuli can produce detectable cubic-distortion products (2f 1 - f2) in addition to the
first-order beats. These distortion products can interact with the primaries and produce beatings
at the same frequencies as the first-order beats; also they can interact among themselves,
producing numerous possible artifacts in the analysis. The second problem is the technical
limitation of producing 5 or 6-tone complexes at very high sound level (over 90 dB SPL). On
our first attempt in using multi-tone stimuli at high sound levels, the earphone calibration limited
our output to around 90 dB SPL. The combination of those two problems particularly hampers
our search for evidence of the evanescent wave.
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To circumvent these two limitations, we used amplitude-modulated (AM) tones at high
sound levels and beyond the tuning curve edges. The AM tone is essentially one tone, thus
allowing a high output and minimal distortion products. For AM tones with a high carrier
frequency and a very low modulation frequency, the spike histogram of the ANF response has an
envelope that resembles that of the modulating tone. The delay between the envelope of this
cycle histogram and the onset of the modulating tone is assumed to be the delay through the
peripheral auditory system to the nerve fibers firings (Gummer and Johnstone, 1984; Joris and
Yin, 1992). According to system theory principle, this delay is the same as the system's "group
delay" at the carrier frequency (Gummer and Johnstone, 1984).
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II. Research Methods
10 cats weighing between 4 to 7 pounds have been used for this experiment. The experiments
were done in the Eaton-Peabody Laboratory (EPL) of Auditory Physiology. All experiments
were in compliance with protocols approved by the Committee on Animal Care at the
Massachusetts Eye and Ear Infirmary.
A. Animal Preparation
The experimental methods follow several published experiments involving ANF
recording (such as Stankovic and Guinan, 1999, and Kiang et al, 1965). Anesthesia on cats was
done by intra-peritoneal injection of Dial in urethane. The initial dose was 75mg per kilogram of
weight, and supplemental boosters at 10% of the initial dose were used if there were any sign of
a toe-pinch reflex. Supplemental boosters of 1/3 of the initial doses were if there was a toe-pinch
reflex. A tracheotomy was performed and a trachea tube was inserted for optional connection
with a Harvard Apparatus animal respirator. The animal was positioned lying down with the
head held erect and placed in a soundproof room. The bulla cavities on both sides were then
exposed, revealing the middle ear cavities and the round windows. Silver electrodes were placed
on or near the round window to measure cochlear compound action potential. The animal's
temperature was monitored by a rectal thermometer and maintained near 38'C with a heating
pad.
The posterior area of the parietal bone of the skull was exposed, followed by aspiration of
the cerebellum to reveal the cochlear nucleus. Cotton balls and a small metal retractor were used
to push the cochlear nucleus medially, exposing the auditory nerve. 3 M KCl filled glass
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micropipettes mounted on a remote-control micro-manipulator were used to search for and
record from auditory nerve fiber units.
B. Stimulus and Data Collection
The acoustic assembly consisted of a 1-inch condenser earphone and a 1/4-inch
condenser microphone in a calibrated probe tube. The tip of the assembly was placed inside the
external meatus a couple of millimeters away from the eardrum. Stimulus generation and data
collection were controlled by a Windows PC computer running National Instruments LabView
6.1 and MathWorks Matlab 6. The animal's status of vitality (i.e., animals' heart rate, breath
rate, C02 level, and EEG) was monitored by a Macintosh G3 personal computer with LabView
6.0. The vitality computer continuously collected data within a 15-second interval and displayed
the average. An alarm sounded when the vitality data fell outside the animal's physiological
range.
Glass micropipettes at impedance from 10-30 MQ were used to record action potentials
in single auditory nerve fibers. We searched for ANF units by remotely varying the depth of
microelectrode penetration while presenting broadband noise at about 75-85 dB SPL. When an
ANF unit was found, the trigger level and gain were adjusted to ensure the best triggering (i.e.,
the least amount of extra and/or missed spikes). Only data from ANF units with perfect or near
perfect triggering were used for analysis. A tuning curve was measured using 12 to 30 frequency
steps per octave, followed by a measurement of the spontaneous rate (SR) within a 15-second
interval. The characteristic frequency (CF) of the unit was determined by finding the lowest
threshold in the tuning curve.
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Our emphasis was on the above-CF and high-level regions of the ANF tuning curve tip of
high-CF fibers (CF > 10 kHz). A continuous tone complex of 4-6 primary frequencies lasting 1
sec was used as the stimulus. The primary tones were separated in frequency to allow unique
beatings with adjacent frequencies no more than 1 kHz apart so they are below the ANF phase-
locking limit. A Fast Fourier Transform (FFT) were applied to the spike histograms to reveal the
magnitude and phase of the beatings. To obtain a good measurement, a run was repeated to
accumulate enough averages so that the beat frequencies' vector strength was above the Rayleigh
criteria at p < 0.001 (Mardia, 1972). Also, if there were cubic distortion (2f1-f2) components
above criteria, the run was dismissed. Equations 4 and 5 were used compute the phases and
magnitude of the responses to the primaries. Group delays were determined by calculating the
phase slope between each adjacent phase point.
The amplitude modulated (AM) tones were short (200 ms) tone burst presented with
varying carrier frequencies and sound level, but with the modulation frequency constant at 100
Hz and the modulation depth fixed at 0.3 as in Gummer and Johnstone (1984). Spike rate, phase
and synchrony of ANF responses to the AM tone were measured from the spike timing events as
in Stankovic and Guinan (2000).
C. Reconstructed Phase vs. True Primary Phase
The relative phases and group delays calculated from van der Heijden and Joris's multi-
tone phase extraction method will be referred to as the "reconstructed phases" (RP) and the
"reconstructed group delays" (RGD). The ANF responses also entrain to stimulus frequencies
below 4 kHz (see figure 3), and the phases and group delays from these entrainments will be
called the "true primary phases" (TPP) and "true primary group delays" (TPGD). Comparison
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between these TPP and TPGD to their reconstructed counterparts will provide insights on the
validity of van der Heijden and Joris' multi-tone analysis method for stimuli and ANF CFs
below 4 kHz.
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III. Results
This section is divided into three main parts. Part A will illustrate ANF responses to multi-tone
stimuli that were presented below or near the fiber's characteristic frequency. Part B describes
the search for the evanescent wave using the multi-tone method and the AM method. And
finally part C will show results from using multi-tone complexes in the regions of the tuning
curve above the CF. The discussion section also has three parts that are in parallel with the
results.
A. Basic Multi-tone Results
Figure 3 (insert) shows a typical ANF tuning curve and a representation of the
frequencies and level of a 5-tone complex near the tip of the tuning curve. The frequency scale
of the tuning curve is logarithmic. On the bottom is the FFT spectrum taken from the ANF's
firings in response to the complex tone. The responses to the beats are marked by (red) triangles.
Since the frequencies of the 5 primary tones are below the phase locking limit (< 4 kHz), we can
also see the responses to the primary tones in the FFT, indicated as large signals between 2.5 and
3 kHz. All signals are above the noise and there are no large distortion products in the FFT
spectrum.
The beat frequencies from figure 3 were used to reconstruct the primary phases, as shown
in figure 4. We arbitrarily set the phase point with the lowest frequency to zero and set all other
phases relative to the first point. On the same graph are the true primary phases, which are
absolute phases taken from the FFT analysis of the primary frequencies. On the bottom of figure
4 are the reconstructed and true primary group delays. The reconstructed group delays are
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calculated by taking the slope between each adjacent reconstructed phase points (and multiplying
by -1), and similarly the true primary group delays were derived in the same manner from the
true primary phases. We set the group delay frequencies as the midpoints between the phase
frequencies. After 2 identical repeated runs, the reconstructed group delays are 2.9 and 3.1 ms,
and the true primary group delays are 2.9 and 3.0 ms.
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Figure 3: An example of an auditory-nerve-fiber's (ANF, CF = 2.90 kHz) response to a 5-tone
run. Sound level and frequency of each tone are indicated with respect to the auditory-
nerve-fiber unit's tuning curve (insert). FFT spectrogram shows significant responses to the
low-frequency beats (triangles) and the actual primary stimuli between 2.5 and 3 kHz.
17
90-
80-
- 70
60
O 0 ----
40 
-
30-
20-
10
0 
-
1 2 3
Freq (kHz)
- -L_
.......... - - ---------- .....
I
0.5
0
-0. 5 -
-0- Reconstructed Phase
+ Primary Phase
-1.5 I
2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3
4 -
-0- Reconstructed Group Delay
3 + Primary Group Delay
E 2-
01;
0
2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3
Frequencies, kHz
Figure 4: Comparison between reconstructed and true primary phases (top) and true primary
group delays (bottom). Calculation was done on data from the run shown in figure 3.
A more complete picture can be obtained by presenting more multi-tone complexes in
various regions of the ANF unit's tuning curve. Figure 5(bottom) illustrates this case with a
tuning curve of the ANF, along with symbols representing 8 sets of multi-tone complex stimuli
that were presented for this unit. Notice that the stimuli were presented very close to the
thresholds of the tuning curve, typically within 20 dB. Our experience has been that responses to
tone complexes saturate when presented 20 to 30 dB above the threshold, which reduces the
strength of the beat frequencies. Figure 5(top) is the reconstructed group delay calculated from
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the beats, along with the true primary group delays taken from the unit's ability to phase lock to
these individual tones. The reconstructed group delays generally agree with the true group
delays. At frequencies below the fiber's CF, known as the "tail region," the group delay has a
plateau at 1.6 millisecond (ms). The group delay then moves monotonically until reaching the
peak characteristic place of the tuning curve at about 2.9 ms. When above the CF, the group
delay falls sharply toward 0 ms. In the region above CF, the reconstructed group delay does not
always agree with the true primary group delay.
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Figure 5: 8 multi-tone runs along the tuning curve of one unit (CF = 2.90 kHz, bottom). Top
graph is the resulting reconstructed and true primary group delay. Both graphs have a linear
frequency scale.
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In addition to using the multi-tone phase analysis for one ANF unit with one CF (or one
characteristic place), application of this method can be applied across CF (or multiple
characteristic places). We presented multi-tone complexes near the tip of tuning curves of over
80 units from different cats with various CFs. Runs that were noisy or had phase anomalies were
discarded. Figure 6 summarizes the reconstructed group delays across ANF's CF. Comparison
of these data with published data will be done in the discussion.
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Figure 6. Reconstructed group delays across CFs (80 units). Click latencies (Lin and Guinan,
2000) and pure-tone group delay estimates (Goldstein, Baer, and Kiang, 1971) are shown for
comparison.
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B. The Search for the Evanescent Wave
Despite the reasonable and consistent ability for the multi-tone method to extract phases
and group delays below CF and near the tip, it produces diverse and difficult-to-interpret results
above the CF and at high sound levels. In our attempt to find evidence of an evanescent wave
with the multi-tone method, we encountered trials that had noise and artifacts. In the few
instances that we found good phase locking to the beat frequencies, there was no consistent
pattern in the group delay. Furthermore, the results were suspect because the stimulus produced
distortion products that could excite the unit.
We used AM tones at high sound levels and near the topmost edges of the tuning curve to
circumvent the issues created by using multi-tone complexes. Figures 7 (CF = 2.86 kHz) and 8
(CF = 7.53 kHz) illustrate 2 units with several AM tone runs at frequencies above the asymptotic
upper edge of the tuning curves (panel D's). The AM tones were randomly presented at
predefined sound levels between 60 dB and 105 dB. Figure 7 shows runs with 3 different carrier
frequencies at 200 Hz apart. The panels in A are the phases and synchrony indices of the ANF
unit's response to the 100 Hz modulated tone as a function of stimulus level. Synchrony index is
a measure (between 0 to 1) on how well a unit's response firings entrain to a tone stimulus, with
1 being completely entrained and 0 being completely random. Phases and synchrony that are
significant (with significance criteria as in Stankovic and Guinan, 2000) are marked with
symbols (O's and X's, respectively). Panels B show the firing rate of the ANF unit as a function
of sound level as well as the spontaneous rate (horizontal line). And Panels C shows the phase
delay of the modulation frequency of the response.
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Common characteristics seen in the examples of figures 7 and 8, and in others for stimuli
that are at least 250 Hz above the maximum asymptotic threshold are: 1) Scattered phases and
low synchrony indices for tones below 100 dB SPL, but fixed phase plateaus and significant,
non-zero synchrony indices for tones above 100 dB. 2) Increases in spike rate for tones above
100 dB SPL and 3) a phase delay close to zero. Based on the high synchrony of the high-level
phase points, their 95% confidence interval are within 30 /3 6 0 th of a cycle as computed from the
phase uncertainty analysis in Stankovic and Guinan (2000).
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Figure 7: Auditory nerve fiber response to AM tones as a function of sound level. Three groups
of runs are separated each by 200 Hz above the asymptotic edge of the tuning curve (D, CF =
2.86 kHz). The phase response and synchrony (A) are significant at and above 100 dB (marked
with O's and X's, respectively). Firing rate of the units and the resulting phase delay are shown
in (B and C), respectively. In the firing rate panel, the horizontal line is the spontaneous rate
measured before the runs.
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Figure 8: Auditory nerve fiber response to AM tones as a function of sound level. Two identical
runs are shown outside the asymptotic edge of the tuning curve (D, CF = 7.31 kHz). Panels are
the same as shown in figure 7.
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C. Multi-tone Results above CF
Multi-tone stimuli were applied in the above-CF region of the ANF tuning curves to look
for evidence of phase reversals. Due to the combination of low signal-to-noise ratio (SNR) and
high susceptibility to distortion products in the FFT analysis at this region, we assessed the data
with several criteria. The first criterion was perfect or near perfect triggerings of the auditory
nerve fibers. The second was high SNR of the beat frequencies. The synchrony of each beat
frequency was evaluated and compared to a criterion that was twice the Rayleigh number. If two
or more beat frequencies from the same common primary frequency were above the criteria, then
that primary frequency was removed. If more than 2 primaries were removed, then the entire run
was rejected. The third criteria was low distortion products. Most distortion products were
marked during the analysis (see figure 9), such as primary cubic-distortion tones (+), cubic-
distortion - cubic-distortion interactions (<), and cubic-distortion - primary-tone interactions
(>). We set the criteria such that if 2 or more distortion products were above twice the Rayleigh
criterion, we rejected the entire run.
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Figure 9: A spike histogram taken from the FFT analysis for a 6-tone stimulus (insert). Rayleigh
criteria for p <0.001 is the horizontal solid line near 0.03, and twice Rayleigh criteria is the
horizontal dashed line. MultiTones (x) and cubic distortion products (cDP, +) are beyond the
frequency range shown in the figure. PriPri beats are the first-order beat interaction among the
primaries and are the signals of interest. cDPcDP beats are the beat interactions among cubic
distortion products with other cubic distortion products. PriCDP beats are the beat interactions
between the primaries and the cubic distortion products.
26
Figure 9 shows a synchrony analysis of an ANF response that passed our criteria when
we presented a 6-tone complex along the edge of the tuning curve (CF = 2.10 kHz). The criteria
for high SNR and the criteria for low distortion products are indicated by the same dashed line.
All except one beat were above the criteria, and no distortion products were above the criteria.
Figure 10 shows the reconstructed group delays that were calculated from the above run. The
first 4 reconstructed group delays are close together and are within 20% of one another, but the
group delay calculated between the 5 'h and the 6th tone is negative and far away from the other
points. Such an anomaly in the group delay was common across ANF units. Our rejection
criteria that we applied eliminated over 58% of these anomalies either by removing the primary
or by rejecting the entire run (table 1). However, there was a percentage of trials that had very
good SNR, weak distortion products, and exhibited similar group delay anomalies as shown in
figure 10.
Number of Trials Number of Trials: Group- Number of Trials:
Rejected @ Default Delay anomalies removed Passed @ Default
Criteria @ Default Criteria Criteria
28 26 38
Table 1: We handpicked 92 runs that exhibited the group delay anomaly
(similar to the one shown in figure 10). The number of runs that passed the
default criteria or were eliminated were counted.
Since the primary frequencies were below the phase-locking limit, figure 10 also shows
the reconstructed group delays in comparison to the true primary group delays. The first 4
reconstructed group delays are all within 15% of their respective true primary counterparts. The
last group delays at the highest frequency are significantly different from each another. In our
data, we rarely see true primary group delays that are negative. In summary, the reconstructed
group delay at the highest frequency is viewed as an anomaly because 1) it is different from the
27
other reconstructed group delays, 2) it is different from the true primary group delay, and 3) it is
often negative.
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Figure 10: Reconstructed Group Delay and True Primary Group Delay from the phase analysis in
figure 9 (CF = 2.1 kHz).
In the same unit that produced figure 9 and 10, we altered the levels of the first (i.e., the
lowest frequency) 4 primary tones and measured the phase of the beat frequency produced
between the 5 and 6th tones. Figure 11 (top) shows the absolute phase of the beat frequency
produced by the last 2 tones as a function of the levels of the four other tones (bottom). When
the other 4 tones were "outside" the tuning curve and practically "off," the only beating response
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that the ANF responded to came from the interaction between the last 2 primaries. The phase of
this beat frequency stayed constant when the 4 tones were "outside" the tuning the curve, but
abruptly increased as the 4 tones were introduced inside the tuning curve. The maximum phase
change was about 1.95 radians. Since the frequencies of the primary tones were less than the
phase-locking limit, the phase differences between the last 2 primary tones were calculated from
the same runs discussed previously. Figure 11 shows the curve of the phase differences, which
has a gradual slope and is more linear. The difference between the highest and lowest points is
0.55 radians.
In 45 units that had a group delay anomaly at the above-CF region of the tuning curve,
we measured the maximum phase changes of the beat frequency that was produced by the last 2
primaries as the levels of the first 4 were tones varied. Figure 12 summarizes the maximum
amount of phase changes across ANF CF. In the lower CF region (below 10 kHz), the maximum
beat-frequency phase changes are lower and variable (average 2.14 radians ± 1.34 radians), while
in the higher region (above 20 kHz), the data points are more clustered and generally has a
higher maximum phase change (3.135 ± 0.74). The phase change of 3.135 radians is very close
to a phase reversal.
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Figure 11: The last two tones in the multi-tone complex are fixed, while the first 4 tones are
synchronously varied in levels (bottom). Phase of the beat frequency (Pb) between the last 5th
and 6th primaries are measured as a function of the sound levels of the first 4 primaries. The
solid dots (-e-) are the arithmetic phase differences between the 5 th true primary phase and the
6th true primary phase as a function of tones level of the first 4 tones.
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Figure 12: Maximum phase differences of the beat frequency (generated by tones 5 and 6) when
the other 4 tones are "outside" vs. "inside" the tuning curve. Note that the abscissa is in a
logarithmic scale (46 units).
D. Group Delay Changes at High Levels
At very high sound levels and near the asymptotic edge of the tuning curve, we found
some evidence of a V-shaped curve in the group delay (figure 13). Only 3 runs (out of over 40
runs with perfect triggerings) were able to pass the SNR and distortion product criteria that were
used in section C. Furthermore, the FFT spectrum had other harmonics and signals that were not
classified as distortion products. Taking those non-identified signals into accounts would make
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the runs invalid. All three runs were presented at sound levels near 80dB. The results show
group delays that are positive at lower frequencies but decrease near or pass zero in the middle of
the multi-tone complex, and then increase back to near their initial value at the highest
frequencies. The run on the left also shows the true primary group delay for comparison. The
curve of the true primary group delay also follows a V-shape pattern as well.
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Figure 13: Two ANF responses showing reconstructed group delay (GD) V-shaped group delays
(top) when presented with 5-tone complexes at the upper asymptotic edges of the tuning curve
(bottom). The tuning curves are in a logarithmic frequency scale, while the group delays are in a
linear frequency scale. The left graph also includes the true primary group delay.
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IV. Discussion
A. Strengths and Limitations of the Multi-tone Method
High-CF fibers, due to their inability to synchronize to high-frequency tones, do not
provide accurate phase information and group delays to such tones. The new phase analysis
method introduced by van der Heijden and Joris is useful in extracting phases and group delays
from ANF responses to high frequency tones, but in limited cases. The multi-tone analysis
method is most effective for frequencies below or near CF, and it also requires stimuli to be
presented within 20 dB of the tuning curve threshold at each frequency to obtain a high signal-to-
noise ratio.
The response delays derived from the slopes of the phase-versus-frequency functions of
ANF responses, commonly called group-delays, depict the physiological delay in auditory
stimulus processing. These delays include several different delays, introduced at successive
stages of sound processing, from the delays in the middle ear, to the neural synaptic delays.
These group delays have a frequency-dependent component that is commonly assumed to reflect
the travel times of a traveling wave from the base of the cochlea to the apex (Hillery and Narins,
1984, 1987). Figure 6 shows that the group delays follow a CF-dependant curve, such that low-
CF fibers at the apex have long delays, while high-CF units at the base have less delay. This is
consistent with the travel-time hypothesis of the cochlear traveling wave. The reconstructed
group delays extracted from using the multi-tone method are compared to group delay data from
two other references: click latencies data (Lin and Guinan, 2000) and average pure tone group
delay estimates (Goldstein et al, 1971). Click latencies were measured as the time from the onset
of the click stimuli to the onset of the first peaks in the ANF units' peri-stimulus time histogram
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responses. The solid line is based on an equation that estimates average group delay across CF:
1.25[1 + (6/CF)2]11 4 (Goldstein et al, 1971). The curve of the reconstructed group delays
compares well to the pure tone group delay estimates, but is higher than the trends derived from
click latency data, especially at low CF.
Click latencies, which are a way of measuring delays in auditory processing, are
measured from the onset of the click to the first peaks of the unit's response to the click.
Cochlear motion in response to click stimuli follows a frequency-dispersive pattern such that
low-frequency energy arrives first to a particular place before high-frequency energy. Because
click latencies are measured from the initial peak, they are more responsive to the initial low-
frequency energy in the frequency-dispersive traveling wave, which is usually faster than the
waves at the tip (see figure 5).
B. Evidence of a Phase Plateau Found with AM tones
We were unable to find evidence of an above-CF ANF response that corresponds to the
BM high-frequency phase plateau using the multi-tone analysis method because ANF responses
beyond the asymptotic edge of the tuning curve are easily susceptible to distortion products, and
because technical limitations prevented the stimulus from being presented at high sound levels.
Furthermore, the region of interest is an area where two-tone suppression can potentially affect
the interaction of multiple tones presented simultaneously (Ruggero et al, 1997). The use of
amplitude modulated tones at high sound levels (figures 7 and 8) produces ANF responses that
are high in synchrony and have firing rates that are above the spontaneous rate. Both findings
indicate that the response is due to true ANF stimulation and that artifacts are unlikely.
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The phase responses to the 100-Hz modulation frequency (in figure 7 and 8) are constant
near one full cycle (1 or 0 cycle). This usually occurs for sound levels above 95 dB and across a
range of stimulus frequencies that are above the upper asymptotic edge of the tuning curve. The
phase delay (which is different from the group delay measured with the multi-tone method) is the
phase difference between the 100 Hz modulated tone and the reference at 1 cycle and converted
into time based on a 10 msec (1/100 Hz) cycle. Since the phases are close to full cycle, there are
no phase differences, and thus the phase delay is about zero. This result is questionable since it
indicates that no "travel time" occurred between the onset of the stimulus and the fiber's reaction
to it. Furthermore, we have not subtracted any conduction delay (-1 msec) that is involved in
auditory processing. Doing so would yield a phase delay that is negative. Gummer and
Johnstone (1984) have also found zero and negative group delays beyond the asymptotic edges
of the tuning curve in auditory nerve responses to AM tones. They argued that adding a high
frequency, level-dependant amplitude plateau at the edges of the tuning curve could produce zero
and negative group delays. Further examination will be needed.
C. Phase Anomalies
Our search for evidence of a phase reversal reveals very thin data. We hypothesized that
at high levels and above CF, one phase pattern with a certain delay will abruptly transition into
another phase pattern with another delay. A small amount of data that supports that hypothesis is
shown in figure 13, where the group delay changes at frequencies in the middle of the multi-tone
complex. The group delays at the lowest and highest frequencies of the multi-tone complex are
almost equal. If these data are valid, this suggests that one phase function shifts into another
phase function with a small phase plateau in between, indicated by the near zero group delays.
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The zero or negative group delay suggests a cancellation or interference between the two phase
functions. As stated earlier, weak signal strength and large distortion products in this region are
common, and thus the amount of data is too small to make any solid conclusion.
At lower sound levels, we encountered a phase or group delay "anomaly" when analyzing
ANF responses to multi-tone stimuli at moderate levels and above CF. In this scenario, the
group delay of the highest frequency deviates a lot from the group delays at the lower
frequencies of the multi-tone complex. The anomalous group delay is often negative and does
not agree with the pure primary group delay at the same frequency. Furthermore, eliminating the
primary or primaries with weak SNR can erase the anomaly (table 1). When we fixed the last 2
tones and altered the levels of the other four tones, the phase of the beat frequency generated
between the last 2 tones was greatly affected by the presence of the other 4 tones. In some cases,
the change in the phase of the beat frequency is as large as one-half cycle. In the example shown
in figure 11, the FFT spectrum reveals phase locking to at least three frequencies: the beating
generated by tones 5 and 6, and the pure primary tones of 5 and 6 themselves. We can compare
the phase of the beating frequency (denoted as Pb) to the difference between phase of primary
tone 5 and phase of primary tone 6, as derived from equation 5:
P56 = P(primary#5) - P(primary#6).
Figure 11 shows that the arithmetic phase differences (P56) between the last two primaries ( )
does not equal the recorded beat frequency phase (Pb), especially when the 4 other tones have
levels well above the tuning curve threshold (> 15 dB). The arithmetic phase difference appears
to grow linearly as the levels of the 4 other tones increase, which indicates that it is affected by
the overall sound level of the multi-tone complex, and not by whether the ANF can be stimulated
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by the other tones. The data suggest that the production of a beat frequency can be affected by
the inclusion of other tones at regions above the CF.
There are several hypotheses that may account for this phenomenon. The first is that the
data had artifacts in the signal. As shown in table 1, eliminating primaries from the
reconstruction can rid of group delay anomalies, and it is possible to increase the SNR criteria to
filter out more anomalies. However, there exist a number of runs that have very high SNR and
thus even a criterion at 4 times the Rayleigh criteria number (where one Rayleigh number is for p
< 0.001) does not remove the anomalies.
If the signals are valid and not due to artifacts, then we hypothesize that the anomaly
discovered indicates either a breakdown in the multi-tone phase analysis method developed by
van der Heijden and Joris, or a complex interactions among multiple components that generates a
large group delay shift. The first possibility is proposed because even though the reconstructed
group delay and the true primary group delay are very similar at and below CF (figure 4 and 5),
they can be noticeably different above CF (figures 5 and 10). However, at closer inspection of
figure 10, the true primary group delay at the highest frequency also deviates from the other four
group delays, but to a lesser degree than the reconstructed group delay at that frequency. If the
multi-tone phase analysis method is valid, perhaps the phases of the beating frequencies are more
sensitive in this region due to interactions among 2 or more different components, thus
producing dramatic changes in the beats and the reconstruction, but not as much in the actual
true response phase at that frequency. It is possible that the interaction is caused by suppression
when the tones are introduced inside the tuning curve, suppressing some response components
more than others, and leading to changes in the phases of the primaries as well as different
changes in the phases of the beat frequencies generated by the primaries.
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Looking at the insert in figure 9, one can see that the last two primary tones at the highest
frequencies are near a small "lobe" or shelf in the tuning curve. It is possible that this lobe has a
different growth and phase function than at the tip of the tuning curve. Thus as figure 11 shows,
the phase of the beat frequency produced by tones presented in the upper lobe is constant so long
as there are no tones in the other lobe. But when the other tones are presented inside the tuning
curve tip region, the entire multi-tone complex overlaps the two lobes, producing complex
changes to the beating frequencies. Hence, the original beat frequency that was unaffected
previously is not simply dependent on tones 5 and 6, but on other tones as well. The complexity
of this interaction requires more analysis, particularly in areas of reconstructing the magnitude
and in understanding the interactions of the primary tones and their resulting beating frequencies.
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